The structure-function relationship of proteinaceous filaments in sieve elements has long been a source of investigation in order to understand their role in the biology of the phloem. Two phloem filament proteins AtSEOR1 (At3g01680.1) and AtSEOR2 (At3g01670.1) in Arabidopsis have been identified that are required for filament formation. Immunolocalization experiments using a phloem filament-specific monoclonal antibody in the respective T-DNA insertion mutants provided an initial indication that both proteins are necessary to form phloem filaments. To investigate the relationship between these two proteins further, green fluorescent protein (GFP)-AtSEO fusion proteins were expressed in Columbia wild-type and T-DNA insertion mutants. Analysis of these mutants by confocal microscopy confirmed that phloem filaments could only be detected in the presence of both proteins, indicating that despite significant sequence homology the proteins are not functionally redundant. Individual phloem filament protein subunits of AtSEOR1 and AtSEOR2 were capable of forming homodimers, but not heterodimers in a yeast two-hybrid system. The absence of phloem filaments in phloem sieve elements did not result in gross alterations of plant phenotype or affect basal resistance to green peach aphid (Myzus persicae).
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Introduction
Historically, P-protein (phloem protein) is an all-inclusive term used to describe a group of ultrastructurally distinct components of sieve elements (SEs) in the phloem of angiosperms (Esau and Cronshaw 1967, Cronshaw 1981) . P-proteins accumulate as non-membrane-bound aggregates (P-protein bodies) in differentiating nucleate SEs that either disperse forming filamentous or tubular structures (Esau and Cronshaw 1967, Kollmann et al. 1970) or remain as non-dispersive bodies in mature SEs (Johnson 1969) . Ultrastructural studies of well preserved SEs indicate that the filamentous P-proteins, plastids, mitochondria and smooth endoplasmic reticulum (ER) are associated together and firmly attached to the plasma membrane through clamp-like structures, resulting in a low resistance lumen free of occlusions (Ehlers et al. 2000) . The presence of large accumulations of P-protein at the sieve plates of damaged SEs has led to the generalized belief that these structural proteins primarily function in SE occlusion (Eschrich 1970 , Sjolund et al. 1983 , Will and van Bel 2006 and, secondarily, as a physical barrier to phloem-feeding insects or microbes (Read and Northcote 1983, Will and van Bel 2006) .
The dispersive P-proteins of cucurbits have been widely studied because of the ease of acquiring sieve-tube exudates. Two abundant exudate proteins, the phloem filament protein or phloem protein 1 (PP1) and the phloem lectin or phloem protein 2 (PP2), undergo reversible, oxidative cross-linkage forming high molecular weight polymers in dilute sieve-tube exudate samples (Read and Northcote 1983) . PP1 monomeric subunits have a predicted molecular mass of 95.4 kDa; however, the apparent molecular size is dependent on the pH and oxidation state as conformational isoforms exist that appear to be related to either the polymerized or unpolymerized, translocated forms of the protein (Clark et al. 1997 , Leineweber et al. 2000 . Cucurbits have an unusual phloem anatomy that consists of two ontogenetically distinct phloem systems; the fascicular or phloem of the vascular bundle, which might be considered homologous to the phloem in other plant families and the extrafascicular phloem located at the periphery of the vascular bundles and scattered throughout the stem. Recent work has highlighted the functional differences of these two phloem systems (Zhang et al. 2010) , and the soluble, translocated PP1 studied primarily in phloem exudates could Plant Cell Physiol. 53(6): 1033-1042 (2012) doi:10.1093/pcp/pcs046, available online at www.pcp.oxfordjournals.org ! The Author 2012. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com be derived from the extrafascicular phloem (Petersen et al. 2005 ). PP2 does not appear to be an essential component since purified PP1 subunits can form filaments/aggregations in its absence (Kleinig et al. 1975) . PP1 is, however, not phylogenetically related to more recently characterized sieve element occlusion proteins (SEOs) (Pelissier et al. 2008) , leading to the speculation that PP1-type filaments are a unique structural adaptation of the unusually large SEs of cucurbits (Lin et al. 2009 ).
Forisomes are another unique structural adaptation that are limited to SEs in members of the Fabaceae (Knoblauch et al. 2003) although not present in all tribes (Peters et al. 2010 ). Forisomes, classified as 'non-dispersive', crystalline P-protein bodies, undergo reversible conformational changes from crystalline to dispersed states that plug SEs in response to local changes in calcium concentration (Knoblauch et al. 2001 , Knoblauch et al. 2003 . Forisomes appear to be composed of multiple SEOs, although the level of redundancy is unclear (Pelissier et al. 2008) . Phylogenetic analysis has shown that forisomes are encoded by a large gene family that includes filamentous SEOs from other species including Arabidopsis (Pelissier et al. 2008 , Ruping et al. 2010 .
Two contiguous Arabidopsis thaliana genes, At3g01670 and At3g01680, located on chromosome 3 encode putative SEOs that have been assigned alternative nomenclatures by different authors; AtSEOa or AtSEOR2 are encoded by At3g01670, and AtSEOb, AtSEO1 or AtSEOR1 are encoded by At3g01680 (Pelissier et al. 2008 , Ruping et al. 2010 , Froelich et al. 2011 . For the sake of clarity, this paper will refer to the respective proteins as AtSEOR1 and AtSEOR2 and use the same nomenclature for the genes (AtSEOR1 and AtSEOR2) that encode these proteins. Generation of transgenic lines expressing AtSEOR1-yellow fluorescent protein (YFP) fusions revealed a previously unseen network of protein filaments in the sieve tube lumen (Froelich et al. 2011) . Transmission electron microscopy investigations unveiled a matrix of 20 nm thick filaments that often form bundles of 10-100 individual filaments. In some cases the bundles form agglomerations that appear to fill the lumen of the sieve tube without impeding phloem flow even when large accumulations occurred at the sieve plate (Froelich et al. 2011) . Whether AtSEOR2 forms part of these networks is not known, but AtSEOR2 promoter-GFP ER analysis showed a phloem specific expression pattern and a higher titer of its mRNA was found in phloem-enriched tissue (Ruping et al. 2010) . A third related Arabidopsis gene (At1g67790) is reported as a likely pseudogene on the basis of its failure to amplify in reverse transcription-PCR (RT-PCR) experiments. SEOs and sieve element occlusion-related proteins (SEORs) are found in gene families ranging in size from two (and one probable pseudogene) in Arabidopsis to 26 in soybean (Glycine max). While recent work has highlighted the structures formed by AtSEOR1 in Arabidopsis, revealing a complex network of filaments within SEs, the role of the other phloem filament protein has not been elucidated. This study was designed to determine whether AtSEOR2 is an integral component of the filamentous network and whether the AtSEOR1 and AtSEOR2 genes are functionally redundant.
Results

AtSEOR1 and AtSEOR2 proteins accumulate in Arabidopsis
A number of methods have been used to demonstrate that the genes encoding the AtSEOR proteins are expressed in Arabidopsis; however, direct evidence for the accumulation of native AtSEOR1 and AtSEOR2 proteins has not been given in SEs or in SE exudates (Batailler et al. 2012 ). Analysis of MALDI-TOF MS (matrix-assisted laser desorption ionization-time of flight mass spectrometry) peptide mass fingerprints showed that AtSEOR1 and AtSEOR2 were both present in a total protein extraction and an immunoreactive band from Arabidopsis floral stems ( Supplementary Fig. S1 ). Five different peptide sequences from the total protein extraction and seven from the immunoreactive band were matched to the deduced AtSEOR1 amino acid sequence and two from the total protein extraction and eight from the immunoreactive band were matched to the deduced AtSEOR2 amino acid sequence. The absence of peptide sequences matching the deduced protein sequence encoded by At1g67790 combined with the inability to detect At1g67790 mRNA previously reported by Ruping and co-workers (2010) strongly indicates that it is a pseudogene.
Immunolocalization analysis of AtSEOR mutant lines
To elucidate the role of AtSEOR proteins in phloem filament formation, two independent T-DNA insertion mutants were examined. GABI-KAT 609F04 is an At3g01680 T-DNA insertion mutant (Atseor1-1), previously characterized by Froelich et al (2011) . SALK 148614C is an At3g01670 T-DNA insertion mutant (Atseor2-1) with a T-DNA insertion in the third exon of the gene. PCR experiments confirmed that mRNA accumulation is effectively eliminated in the respective mutant lines (Fig. 1) and that the expression of the adjacent, non-mutated AtSEOR gene was unaffected. The presence or absence of phloem filaments was initially examined by immunofluorescent localization in mutant and wild-type plants using the phloem filamentspecific monoclonal antibody RS21. RS21 is an antibody identified from a monoclonal antibody library created by injecting mice with a phloem-enriched fraction of Streptanthus turtuosus callus culture, and subsequently screened against Arabidopsis and found to be specific for P-proteins in this and a number of other plant species, although the gene encoding the target protein was not identified . Fig. 1c shows fluorescence in the vasculature of Arabidopsis floral stems and fluorescently labeled filamentous exudates at higher magnification (inset) when both AtSEOR1 and AtSEOR2 are expressed. Similar filamentous exudates were present in roots and leaf veins (not shown). When either gene is mutated (Fig. 1a, b ) fluorescence was not detected in the vasculature and no phloem filaments were observed (inset). These results indicate that both AtSEORs are required for the formation of antigenic phloem filaments; however, it is possible that the RS21 antibody recognizes a unique feature of the heteropolymer comprised of both proteins, while nonantigenic phloem filaments could be formed by homopolymerization of a single protein species. High resolution electron microscopy of Atseor1-1 suggests that is unlikely as no filament proteins are visible (Froelich et al. 2011) . It is also possible that RS21 recognizes a component of the phloem filament complex that is degraded or highly soluble in the absence of either AtSEOR1 or AtSEOR2 and is therefore not detected.
Formation of the phloem filament matrix requires both SEOR proteins
To establish the role of each AtSEOR protein in the formation of the phloem filament matrix, living root sieve tubes expressing green fluorescent protein (GFP)-tagged AtSEOR proteins were visualized by confocal microscopy. Microscopy rhizosphere chambers (micro-ROCs) were used to allow structures in live Arabidopsis root SEs to be visualized. All fusion proteins were created with N-terminal GFP tags and the recombinant genes were expressed in transgenic Arabidopsis plants under the control of their respective promoters. Transgenic plants expressing GFP-tagged proteins were created in a wild-type Columbia background and in each of the T-DNA insertion mutants (i.e. in Atseor2-1, GFP-AtSEOR1 was expressed, and in Atseor1-1, GFP-AtSEOR2 was expressed). Complementation mutants were also generated where GFP-tagged protein was expressed in the respective mutants (i.e. GFP-AtSEOR1 was expressed in Atseor1-1, and GFP-AtSEOR2 was expressed in Atseor2-1). Either GFP-tagged AtSEOR1 or AtSEOR2 expressed in a wild-type background labeled a complex meshwork of phloem filaments inside the SE, with some protein accumulating at the sieve plate ( Fig. 2A, B) . Both lines showed the same pattern, indicating that both proteins form part of the filament matrix. These patterns matched those previously found for AtSEOR1 using a C-terminal YFP tag including the presence and pattern of filament structure and the presence of accumulations (plugs) at the sieve plate (Froelich et al. 2011) . These data also show that the GFP tag has no apparent effect on P-protein formation.
In contrast, when GFP-tagged AtSEOR1 was expressed in Atseor2-1 (plants expressing AtSEOR1 and GFP-AtSEOR1), the normal meshwork of filaments was absent and the fluorescence was uniformly distributed throughout the lumen of the SE and companion cell. Filaments were not observed in either the SE or companion cell, and labeled protein failed to accumulate at the sieve plate, which was clearly visible as an interruption in fluorescence (Fig. 2E) . In addition, small fluorescent globular bodies were visible in both the SE and companion cell. This phenotype was rescued and the phloem filaments restored when the Atseor2-1 mutant was complemented with GFPAtSEOR2 (Fig. 2C) . Similarly, filaments were absent when GFP-tagged AtSEOR2 was expressed in Atseor1-1 (plants expressing AtSEOR2 and GFP-AtSEOR2). While numerous globular bodies were observed in what appear to be both the SE and companion cell (Fig. 2F) , the distribution of fluorescence throughout the SE lumen was less apparent. This phenotype is also rescued when the mutant was complemented with GFPAtSEOR1 (Fig. 2D) . The globular bodies in both mutant lines are <500 nm in size and are similar in appearance to the 'amorphous bodies' observed using YFP-labeled AtSEOR1 by Froelich et al. (2011) . There was some localized movement of fluorescent bodies in Atseor1-1 expressing GFP-tagged AtSEOR2 (Fig. 2F) . These experiments strongly indicated that interactions between the two AtSEOR protein subunits are necessary to form phloem filaments. Yeast two-hybrid experiments were conducted to determine whether the phloem filament subunits can interact directly. The respective coding sequences for AtSEOR1 or AtSEOR2 were both inserted in BD or AD plasmids and used to transform MATa PJ69-4A (yRM1757) and MATa PJ69-4a (yRM1756) reporter strains. The following matings were conducted: AtSEOR1 Â AtSEOR1; Fig. 2 Visualization of GFP-tagged sieve element (SE) occlusion proteins in whole undamaged Arabidopsis roots. Wild-type Columbia roots with GFP-tagged AtSEOR1 (A) and wild-type Columbia roots with GFP-tagged AtSEOR2 (B) show fluorescence in the SE with some build-up at the sieve plate (arrow). Atseor1-1 complemented with GFP-tagged AtSEOR1 (C) shows fluorescence in filamentous strands with similar build-up at the sieve plate to Atseor2-1 complemented with GFP-tagged AtSEOR2 (D). However, in the Atseor2-1 line expressing GFP-tagged AtSEOR1 (E), fluorescence in present in small ( ) globular bodies as well as in a diffuse and amorphous pattern in both the SE and companion cell (CC). A sieve plate (arrow) interrupts uniform fluorescence intensity. Atseor1-1 expressing GFP-tagged AtSEOR2 (F) shows florescence only in globular bodies ( ). Scale bars indicate 100 mm.
AtSEOR2 Â AtSEOR2; AtSEOR1 Â AtSEOR2; and AtSEOR2 Â AtSEOR1. Growth of the diploid colonies on -leucine/-uracil medium (Fig. 3A) demonstrated successful mating between all of the constructs made in the BD and AD plasmids. Colony growth on both the -histidine ( Fig. 3B ) and -adenine (Fig. 3C ) media of the positive control and the lack of growth of the empty vector negative controls on the respective selective media demonstrated that the experimental system was functioning correctly. Both AtSEOR1 and AtSEOR2 showed strong protein-protein interactions as homodimers, evidenced by the growth of the diploid colonies on both the -adenine andhistidine media (Fig. 3B, C) . In contrast, there was no evidence of protein-protein interaction between AtSEOR1 and AtSEOR2. The strength of the self-interactions could have prevented the detection of weaker interactions between heterodimers; however, it is possible that AtSEOR1 and AtSEOR2 protein interactions occur at a higher structural level or require additional assembly or component proteins.
Aphid feeding is not enhanced by the absence of phloem filaments
Phloem filaments have been hypothesized to have a negative effect on aphid feeding by blocking aphid stylets or SEs. Aphids appear to be able to overcome this by ejecting saliva that modifies the environment of the SE to prevent the stylet plugging during feeding (Tjallingii 2006) . If phloem filaments actually present a physiological or structural barrier to feeding, a significant increase in aphid fitness would be expected in their absence as the result of removing the fitness cost associated with overcoming their effect during feeding. There was no statistical difference between the mutant lines and the control in the length of the pre-reproductive period, lifespan or nymphs laid per day during the reproductive period ( Table 1 ). The total reproductive fitness was higher and the reproductive period was longer in aphids feeding on the wild-type line than in either of the mutant lines (Fig. 4, Table 1 ). The total number of nymphs produced on the wild-type plants was 24% higher than on Atseor1-1 plants and 15% higher than on Atseor2-1 plants. This decrease in fitness could be due to a nutritional effect caused by a reduction in phloem protein, as phloem filament proteins are present at high concentrations (Zhang et al. 2010, Malter and Wolf 2011) and the aphid reproductive rate is often limited by amino acid availability Pettersson 1994, Sandstrom and Moran 1999) .
Discussion
P-proteins are encoded by multiple members of the SEO and SEOR gene family. The most comprehensively studied members of this family are the SEO genes that encode subunits of forisomes (Peters et al. 2010) . Forisomes are crystalline protein bodies specific to SEs in many species within the Fabaceae that function to block sieve tubes reversibly after injury (Knoblauch et al. 2001 , Knoblauch et al. 2003 . Forisomes respond to changes in calcium concentration independently of ATP, changing from a contracted 'spindle' shape at low Ca 2+ concentration to an expanded state at high Ca 2+ concentrations blocking sieve tube transport (Knoblauch et al. 2005 , Peters et al. 2007 . In Medicago truncatula forisomes are composed of at least three proteins (Pelissier et al. 2008) although there are other members of the gene family in this species (Ruping et al. 2010) . Proteins encoded by this gene family share conserved domains, including a thioredoxin fold potentially involved in calcium binding, the M1 motif with its four spatially conserved cysteines residues, and a number of conserved motifs of unknown function (Ruping et al. 2010 ). In Arabidopsis, this gene family is composed of two actively transcribed genes (AtSEOR1 and AtSEOR2) and one Fig. 3 Yeast two-hybrid experiment showing that AtSEOR1 and AtSEOR2 form homo-but not heterodimers. Diploid two-hybrid reporter strains were generated by crossing yRM1757/PJ69-4A containing KAR9-BD (+ve control), AtSEOR1, AtSEOR2 or empty BD (Àve control) with yRM1756/PJ69-4a containing BIM1-BD (+ve control), AtSEOR1, AtSEOR2 or empty AD (Àve control). Diploids were selected on SD medium without uracil or leucine (A) and tested for interaction by growth on SD medium without adenine (B) and SD medium without histidine (C) at 30 C for 3 d.
pseudogene; however, other plant species have much larger SEO/SEOR gene families (Ruping et al. 2010 , Zhang et al. 2010 . AtSEOR1 is known to be a component of a complex network of phloem filaments found within the SEs that includes a mesh-like matrix as well as globular agglomerations (Froelich et al. 2011) . Observations of GFP-tagged AtSEOR2 along with GFP-AtSEOR1 clearly showed that AtSEOR2 is a second structural component of the complex filament matrix (Fig. 2B) with an expression pattern similar to that of GFP-AtSEOR1 ( Fig. 2A) . In wild-type Arabidopsis plants, both GFP-labeled AtSEOR1 and AtSEOR2 label a network of filaments with comparable intensity that are distributed throughout the sieve tube.
Functional redundancy
The overall homology of the sequence and intron/exon structure of these genes as well as their similarity in expression and localization patterns could suggest that AtSEOR1 and AtSEOR2 genes are functionally redundant. However, phloem filaments were not detected in either of the T-DNA insertion mutants of the respective genes when probed with a phloem filament-specific monoclonal antibody (Fig. 1) . Analysis of mutant lines expressing GFP-tagged AtSEORs also revealed that both proteins must be present to form phloem filaments (Fig. 2E, F) . In both mutants, the phloem filament phenotype was rescued in transgenic plants expressing a functional version of the mutated gene (Fig. 2C, D) ; thus, the genes do not appear to be functionally redundant. Gene families encoding SEOs have been identified in seven plant species, with members ranging from the two functional genes in Arabidopsis to the 26 putative SEO(R) genes identified in soybean (Huang et al. 2009 , Ruping et al. 2010 ). Phylogenetic analysis revealed that AtSEOR1 is also somewhat divergent from other SEO sequences and is the sole member of subgroup 6 (Ruping et al. 2010) , although that branch is not strongly supported by the analysis. This divergence in sequence could be an indicator of the functional divergence noted in the mutant analysis. Pelissier and co-workers (2008) examined GFP-tagged MtSEOF1, MtSEOF2 and MtSEOF3 proteins in composite M. truncatula plants and found that all three proteins were components of forisomes. Based on homology and expression patterns, they concluded that the proteins are functionally redundant isoforms; however, MtSEO1 and MtSEO2 are 
SEOR1-SEOR2 interactions
While it is clear that both AtSEOR1 and AtSEOR2 are required to establish phloem filaments, the formation of different structures in the T-DNA insertion mutants could indicate different roles for each gene in the assembly of the phloem filaments. In Atseor1-1 plants, GFP-AtSEOR2 accumulated predominantly in undispersed globular bodies (Fig. 2F) , whereas GFP-AtSEOR1 expressed in the absence of AtSEOR2 primarily accumulated as diffuse, amorphous protein that filled the lumen of the SE with only a few globular bodies (Fig. 2E) . Given that previous reports indicate that globular bodies condense and transform into filaments (Froelich et al. 2011) , the absence of filaments and the presence of large numbers of globular bodies in Atseor1-1 expressing GFP-tagged AtSEOR2 indicate that AtSEOR1 plays an essential role in the process of filament formation. In the absence of AtSEOR1, AtSEOR2 remains in globular bodies and filaments are never formed. The presence of diffuse GFP-tagged AtSEOR1 in both SEs and companion cells in Atseor2-1 raises several questions. AtSEOR-derived phloem filaments have only been detected in SEs to date, and promoterreporter analysis has shown that MtSEO1-3, VfSEO1 and AtSEOR2 promoters are only active in immature SEs (Noll et al. 2007 , Noll et al. 2009 , Ruping et al. 2010 ). Co-localization of YFP-tagged AtSEOR1 with an SE-specific marker confirmed that AtSEOR1 accumulation is also limited to the SE (Froelich et al. 2011) . The simplest explanation is that in the absence of AtSEOR2, the unpolymerized, soluble form of AtSEOR1 readily trafficks between the SE and companion cell through pore plasmodesmata. This 112 kDa fusion protein is considerably larger than GFP fusion constructs previously shown to traffick readily through pore plasmodesmata between phloem SEs and companion cells, the largest of which was 67 kDa (Stadler et al. 2005) . However, heterografting experiments clearly demonstrated that the unpolymerized, soluble 96 kDa Cucurbita maxima phloem protein 1 (CmPP1) translocated from C. maxima to Cucumis sativus, accumulating in both C. sativus SEs and companion cells (Golecki et al. 1999 , Petersen et al. 2005 . In contrast, the polymerized phloem filament proteins are too large to be trafficked through the pore plasmodesmata. The mutant analysis demonstrated that AtSEOR1 and AtSEOR2 interact in SEs forming nanometer scale structures visible with fluorescence microscopy. Yeast two-hybrid experiments were conducted to gain further insight into the interactions between these two proteins. Both SEOR1 and SEOR2 proteins exhibit strong self-interactions (Fig. 3) , but did not appear to have detectable interactions. Given the experimental evidence of their in vivo interactions, there are several possible explanations for the absence of detectable interactions in the yeast two-hybrid experiments. The strong homodimeric interactions could be inhibiting weaker interactions between the two proteins as each of the individual components preferentially self-aggregated. Alternatively, multimers of one or both protein could be necessary for interactions to occur at a higher structural order. This would be consistent with the detection of non-filament structures in Atseor1-1 expressing AtSEOR2 and in Atseor2-1 expressing AtSEOR1.
Plant-insect interactions
On the basis of both the forisome and cucurbit phloem filament models it has been widely assumed that the major role of SEO(R) proteins in phloem is the formation of proteinaceous occlusions as the first line of defense to prevent the loss of both photoassimilates and turgor pressure after SE injury. Similar proteinaceous occlusions have been observed in aphid stylets following stylectomy (severing the aphid stylets while they are embedded in the phloem SE to collect phloem exudate) (Tjallingii and Esch 1993) . Aphids are believed to prevent both SE and stylet occlusion by secreting watery saliva containing calcium-chelating proteins into the sieve tube to scavenge free calcium ions released in response to the disruption of the SE plasma membrane, preventing or reversing sieve pore occlusions (Furch et al. 2010 ). This effect has been partially demonstrated with forisomes where the addition of concentrated aphid saliva in vitro reverses their dispersal ). Aphids also exhibit increased salivation following SE blockage ). Increased salivation has an energetic cost to the aphid, in terms both of energy expenditure (production of salivary components and ATP expended) and in delayed feeding, that should be reflected by improved aphid performance when feeding on the phloem filament mutants. Removal of this structural feeding barrier should result in a corresponding reduction of these energetic costs and increased aphid fitness. However, no statistically significant fitness advantage was gained by aphids feeding on mutant plants lacking phloem filaments (Fig. 4) . This result fails to support the hypothesis that phloem filament proteins provide a significant barrier to aphid feeding by blocking either sieve pores or aphid stylets.
Conclusions
Analysis of GFP-tagged mutants showed that both Arabidopsis SEORs (AtSEOR1 and AtSEOR2) are important scaffold proteins that are required to form the phloem filament matrix. Analysis of GFP-tagged SEORs expressed in T-DNA insertion mutant lines showed that both proteins are required to form the characteristic phloem filament matrix in SEs. AtSEOR1 and AtSEOR2 T-DNA insertion mutants have different SEOR expression phenotypes that can be rescued when complemented with the appropriate GFP-tagged protein. These data show that despite their sequence homology, these proteins do not have redundant functions. The differences in the protein accumulation patterns in the mutant plants suggest they have different roles in the formation of phloem filament proteins. Both genes readily form homodimers in yeast two-hybrid experiments, but no evidence of heterodimerization was found. Myzus persicae feeding experiments indicate that the presence of phloem filaments does not impose a fitness cost during aphid feeding.
Materials and Methods
All oligonucleotide primers were designed using Vector NTI Advance 11 (Invitrogen) and synthesized by Integrated DNA Technologies; they are listed in Supplementary Table S1 .
AtSEOR protein expression in Arabidopsis
The RS21 monoclonal antibody recognizes phloem filament proteins in A. thaliana . The RS21 monoclonal antibody was produced by hybridomas grown in a bioreactor at the Iowa State University Hybridoma Facility and the monoclonal antibody was concentrated by ammonium sulfate precipitation. A 2 g aliquot of floral stem tissue was frozen in liquid nitrogen and homogenized in 2 ml of purification buffer [10 mM Tris, 10 mM EGTA, 150 mM NaCl, 10 mM KCl, 1% Sigma protease inhibitor cocktail, 20 mM dithiothreitol (DTT)]. The tissue was incubated for 1 h at 4 C with rocking, then centrifuged and the supernatant removed. The pellet was then washed once with 10 ml of the purification buffer and centrifuged. The supernatant was discarded and 2 ml of SDS extraction buffer was added (4% SDS, 125 mM Tris-HCl, 20 mM DTT, 1% Sigma protease inhibitor cocktail) to the pellet and incubated at room temperature for 1 h with rocking. The protein extraction was centrifuged, the supernatant decanted and half was saved for analysis. The other half was boiled and separated in duplicate 8-16% gradient SDS-polyacrylamide gels. Duplicate gels were either stained with Coomassie blue or the were proteins transferred to a nitrocellulose membrane using the semi-dry method, blocked with 2.5% dry milk in TBST and incubated with purified RS21 overnight at 4 C. A gel slice was cut from the stained gel at the site of the immunoreactive band and proteins were identified from the total protein extraction and the immunoreactive band from MALDI-TOF MS peptide mass fingerprints that were obtained by the Oklahoma State Recombinant DNA/Protein Core Facility.
Arabidopsis T-DNA insertion mutants
T-DNA Express (http://signal.salk.edu/cgi-bin/tdnaexpress) was used to identify T-DNA insertions in the genes At3g01670 (AtSEOR2) and At3g01680 (AtSEOR1). Seeds for the mutant lines SALK 148614C (AtSEOR2 knockout, Atseor2-1) were obtained from the Arabidopsis Biological Resource Center. Seeds for GABI-KAT 609F04 (AtSEOR1 knockout, Atseor1-1) were obtained from the Genomanalyse im Biologischen System Pflanze (Bielefeld, Germany) (both mutants are in a Columbia background). Homozygous plants were identified using PCR-based screening according to the method of Siebert et al. (1995) . The GABI-KAT 609F04 mutant contained an additional T-DNA insertion in a different gene so plants were allowed to self-fertilize and plants homozygous for the At3g01680 insertion alone were further analyzed. Successful knockout of each gene was also confirmed using RT-PCR. In brief total RNA was extracted using the Trizol method and total RNA was reverse transcribed using SuperScript II according to the manufacturer's instructions. Partial, intron-spanning sections of each gene were amplified using gene-specific primers (Supplementary Table S1 ) and visualized on an ethidium bromide-stained agarose gel.
Immunolocalization of phloem filaments in AtSEOR knockouts
Living tissue sections of A. thaliana Col-0 plants, Atseor1-1 and Atseor2-1 floral stems were cut with a vibrating microtome (Vibratome) and collected in phosphate-buffered saline (PBS). The 50 mm cross-sections were washed twice in 10 mM PBS and incubated for 30 min in PBS with 3% non-fat dry milk (blocking buffer). Sections were then washed twice more with PBS and incubated for 45 min with the RS21 primary monoclonal antibody in blocking buffer (1 : 100). After incubation with primary antibody the sections were washed three times with PBS and then incubated in PBS with ALEXA 488 nm fluorescently tagged secondary goat anti-mouse antibody (Invitrogen) (1 : 250). Finally, the labeled sections were washed twice with PBS and once with nanopure water and observed under a Nikon E600 epifluorescence microscope with an excitation wavelength of 490 nm and an emission wavelength of 512 nm.
Transgenic plants expressing recombinant protein fusions
The eGFP gene was PCR amplified using primers designed to subclone the gene into the pGPTV-Kan binary vectors generated previously in place of the uidA gene using the SmaI and KpnI restriction sites; these primers also created a multiple cloning site at the 3 0 end of the eGFP gene. Subsequently the AtSEOR1 and AtSEOR2 open reading frames (ORFs) were PCR amplified using specific primers designed to subclone the ORFs into the multiple cloning site (KpnI and ApaI). The binary vectors were transformed into the A. tumefaciens strain GV3101 and used to transform Arabidopsis lines Col-0, Atseor1-1 and Atseor2-1 by the floral dip technique (Clough and Bent 1998) . Transgenic plants were selected on kanamycin-supplemented media, transplanted and then grown in a Percival growth chamber (14 h/10 h light/dark 21 C). The presence of the correct GFP fusion construct was confirmed using primers that overlapped the eGFP-ORF boundary. The presence of the T-DNA insertion and its location were also re-confirmed by PCR. In total, six transgenic genotypes were created: two wild-type (Col-o) lines expressing GFP-tagged AtSEOR1 and GFP-tagged AtSEOR2, respectively; two Atseor1-1 lines expressing GFPtagged AtSEOR1 and GFP-tagged AtSEOR2, respectively; and two Atseor2-1 lines expressing GFP-tagged AtSEOR1 and GFP-tagged AtSEOR2, respectively. For analysis plants were grown in microscopy rhizosphere chambers (micro-ROCs; Advanced Science Tools) in the greenhouse (14 h/10 h light/ dark, 20 C:15 C) to the 6-8 leaf stage. Micro-ROCs allow live root cells to be visualized without preparation in a natural soil environment. Confocal laser scanning microscopy images were obtained with a Leica TCS SP5 with 488 nm argon laser excitation and 500-555 nm emission. Image processing was performed with Leica LAS AF lite software.
Yeast two-hybrid analysis of AtSEOR1 and AtSEOR2 interactions
The mating strains used for the yeast two-hybrid experiment were MATa PJ69-4A (yRM1757) and MATa PJ69-4a (yRM1756) reporter strains (generously provided by Dr. Rita Miller, Oklahoma State University, Stillwater, OK, USA). To serve as a positive control for the analysis, pRM1154-BD plasmid containing Kar9 protein sequence and pRM1151-AD plasmid containing Bim1 protein sequence were transformed into Saccharomyces cerevisiae yRM1757 and yRM1756 strains, respectively (Meednu et al. 2008) . As negative controls, strains containing empty AD plasmid (E-AD) were mated with strains containing empty BD plasmid (E-BD). The ORFs of AtSEOR1 and AtSEOR2 were each cloned into pRM1151-AD using specific primers designed to subclone the ORFs into the multiple cloning sites BamHI/XhoI and EcoRI/XhoI, respectively, and transformed into yRM1757 strains. Likewise both ORFs were cloned into pRM1154-BD using the same restriction sites and transformed into yRM1756 strains. Haploid yeast cells were mated by crossing the two strains containing corresponding plasmids to generate multiple combinations that were replica plated onto SC plates lacking uracil and leucine (only diploid cells will grow) and grown for 48-72 h at 30 C. These diploid cells were then replica plated onto -adenine and -histidine plates to determine which proteins showed protein-protein interactions. They were then grown for a further 72 h at 30 C.
Aphid fecundity study
Six replicates of homozygous T-DNA insertion mutants from the Atseor1-1 and Atseor2-1 lines, and wild-type (Col-0) plants were grown at 21 C under 14 h/10 h light/dark at 40.0 mmol m À2 s À1 for 3 weeks (just beginning to bolt) in a randomized block design. Individual adults from a clonal M. persicae colony were placed on each plant and allowed to deposit a single nymph, at which point the adult was removed. Each plant was covered with a cage made from an adapted Aracon (Betatech) tube. Aphids were then allowed to feed on the plants and were examined daily; when reproductive age was reached, newly deposited nymphs were removed each day and their numbers recorded. The experiment was terminated when all adult aphids had died.
Supplementary data
Supplementary data are available at PCP online. 
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